Introduction
============

*Drosophila* has emerged as an important model for examining the function of genes that are relevant to diverse human diseases affecting a broad range of cell types (for reviews, see [@b19-0050048]; [@b20-0050048]). Additionally, this model organism can serve as a host for a surprising variety of bacterial and viral pathogens. Seminal discoveries in the field of host-pathogen interactions have been made in *Drosophila*. For example, the Toll signaling pathway, which plays a central role in innate immunity, was first identified in *Drosophila*, and studies using this model organism have helped to identify and delineate fundamental conserved host genetic pathways involved in barrier formation and maintenance ([@b99-0050048]; [@b101-0050048]; [@b121-0050048]; [@b162-0050048]), innate immune signaling ([@b1-0050048]; [@b47-0050048]; [@b52-0050048]; [@b75-0050048]; [@b139-0050048]), the RNA interference (RNAi) response ([@b141-0050048]), pathogen engulfment ([@b104-0050048]), and the evolution of intracellular pathogens ([@b69-0050048]; [@b147-0050048]). As discussed in detail below, *Drosophila* has also been used to identify and analyze the function of pathogen-derived virulence factors ([@b9-0050048]; [@b10-0050048]; [@b24-0050048]; [@b62-0050048]; [@b61-0050048]; [@b149-0050048]; [@b63-0050048]).

Many genetic tools are available to address the mechanisms of pathogen action in *Drosophila*. These include comprehensive genetic screens, or genome-wide RNAi screens, in cell lines and intact flies that can identify host pathways required to defend against pathogens. Reciprocally, it is also possible to search for pathogen-encoded factors that are required for virulence in flies. In vivo studies in flies are greatly facilitated by the ability to direct expression of transgenes encoding host or pathogen proteins in specific cell types using the GAL4-UAS transactivation system ([@b25-0050048]) or the new independently acting LexA system, which allows for combinatorial expression of genes in distinct or overlapping patterns ([@b172-0050048]; [@b130-0050048]). Moreover, it is possible to perform epistasis experiments using combinations of dominant and recessive mutations (or mutants with opposing phenotypes) in a given pathway to determine the sequence in which genes act in that pathway. These versatile tools, combined with the rapid *Drosophila* life cycle, allow detailed genetic analysis of virulence factors that act on tissues or organs; such experiments would be much more difficult to conduct in vivo in mammalian systems.

In this review, we first outline the basic host defense mechanisms used by *Drosophila* to resist and respond to invading pathogens to provide context for our discussion of how flies can be used to deconstruct key mechanisms of host-pathogen interactions. We then focus on three related topics: (1) genome-wide RNAi screens in *Drosophila* cell lines infected with pathogens to identify host pathways for defense or that are exploited by pathogens (e.g. bacteria, fungi, viruses); (2) classical genetic and RNAi screens conducted in intact flies to delineate host defense pathways that are active in specific tissues (e.g. the gut) or to identify important virulence factors produced by the pathogen; and (3) analysis of the function of specific pathogen virulence factors in an intact organism. The studies reviewed here highlight the speed and power of *Drosophila* genetics for uncovering new pathways and factors in host-pathogen interactions, as well as for characterizing unknown activities of specific virulence factors. Identification of such elements in the host-pathogen relationship should help to guide studies in vertebrate systems and contribute to defining new targets for potential therapeutic intervention.

Brief overview of *Drosophila* immunity
=======================================

Two first-order defenses protect metazoans from invasion by pathogens: (1) the external and internal epithelial barriers between the organism and its environment ([Fig. 1A](#f1-0050048){ref-type="fig"}), and (2) innate immune mechanisms that have moderate degrees of specificity for detecting and responding to distinct pathogens ([Fig. 1B--D](#f1-0050048){ref-type="fig"}). We summarize what is known regarding these two broadly acting systems in *Drosophila*, which serves as an important framework for our later discussion on strategies used to probe specific host or pathogen factors.

![**Overview of defensive pathways in** ***Drosophila***. (A) The epithelial barrier. The epithelial barrier consists of secreted proteins that form the hard outer cuticle, which is composed of an inner layer of cross-linked proteins and chitin (a polysaccharide), and an outer cuticulin layer. Additionally, a tight barrier between cells, consisting of an basolateral adhesive zone \[involving adherens junctions (AJs)\] and more basal sealing junctions \[septate junctions (SJs)\] prevents free passage of pathogens, macromolecules and solutes between cells in the paracellular space. In vertebrates, the equivalent of the SJ is the tight junction, which is located apically to the AJ (reviewed in [@b56-0050048]). Proteins such as self-adhesive cadherins (DE-cadherin in *Drosophila*), catenins (not shown) and signaling molecules, such as the Notch receptor and its ligand Delta, are targeted to the AJ by the exocyst complex, the formation of which is initiated by an interaction between Rab11 and Sec15 (not shown; see section on bacterial toxins in the main text, and [Fig. 3](#f3-0050048){ref-type="fig"}). AJ proteins link to the actin cytoskeleton to create cytoskeletal continuity between cells, and actin also links to the SJ (e.g. via the ZO1 protein Discs-large and Scribble; not shown). Claudins localized to SJs (in flies) or tight junctions (in vertebrates) play an important role in forming a band-like seal that prevents large molecules or objects from freely passing between cells. (B) Pathogen immobilization. There are three types of blood cells (hemocytes) in *Drosophila*: plasmatocytes, which bind to cellular pathogens and phagocytose them; lamellocytes, which wrap foreign bodies in sheets to engulf them; and crystal cells, which express the enzymes required to produce and secrete melanin to encase and immobilize pathogens. (C) Simplified schemes of the Toll, IMD and JAK-STAT immune signaling pathways are shown. The Toll signaling pathway mediates the response to many Gram-positive bacteria and fungal pathogens, which in many cases are recognized when secreted PGRPs initiate an extracellular proteolytic cascade culminating in the processing of pro-Spätzle into the mature Spätzle ligand for the Toll receptor. (This indirect mechanism of pathogen detection contrasts with that which occurs in mammals, in which Toll-family-member receptors directly bind to distinct pathogen-associated molecules.) Once activated by binding to Spätzle, Toll recruits a complex of DEATH-domain proteins (MyD88, Tube and Pelle), which results in dissociation of the inhibitory IκB-like protein Cactus from the NFκB-like transcription factor Dif, allowing Dif to translocate into the nucleus to activate expression of Toll-responsive genes, as typified by the AMP encoded by *drosomycin.* In the IMD pathway, Gram-negative bacteria are detected by a transmembrane PGRP (PGRP-LE), which signals via the cytoplasmic protein IMD. The pathway branches at IMD to activate the dFADD-Dredd complex and the MAPKKK *Drosophila* TAK1 (dTak1), where the pathway splits again. One branch acts via the IKK complex in concert with the dFADD-Dredd complex to activate the NFκB-like protein Relish by cleaving an inhibitory tail consisting of ankyrin repeats (circles). The DNA-binding domain of Relish then enters the nucleus and activates expression of IMD-responsive genes encoding AMPs, such as *diptericin*. The other branch emanating from dTak1 activates MAPKKs in the JNK and p38 pathways (at least in mammalian cells). In *Drosophila*, the MAPKK in the JNK pathway is Hemipterous (Hep). JNK (also known as Bsk in *Drosophila*) activation eventuates in activation of the AP1 transcription factor. The JAK-STAT pathway: infection of flies with bacteria or viruses leads to the production of signals such as the Unpaired (Upd) ligands, which bind and activate the Domeless receptor (related to vertebrate IL-6 receptor), leading to activation of the fly Janus kinase (JAK) Hopscotch (Hop). Activated Hop phosphorylates receptor-bound signal transducer and activator of transcription (STAT; STAT92E in flies), which then dimerizes, enters the nucleus and activates transcription of effector target genes such as *totA* ([@b1-0050048]; [@b54-0050048]). (D) RNAi pathway. Once viruses enter the cell and shed their protective outer coat, viral RNA molecules are exposed to the cytoplasm and form double-stranded secondary structures or double-stranded reverse-transcribed RNA-DNA intermediates. These regions of double-stranded RNA are acted on by the Dicer complex to generate 21-base-pair double-stranded silencing oligonucleotides called viral siRNAs (v-siRNAs), which are then 'melted' to generate single strands that are complementary to the viral RNA; this, in combination with the RISC complex, leads to silencing of the viral RNA.](DMM000406F1){#f1-0050048}

Barrier formation and maintenance
---------------------------------

The castle-wall defense system in animals can be thought of as a fortified epithelial tube consisting of an external epidermal covering and an internal component comprising the gut (or endoderm). The formation of both the outer epithelial barrier and the inner intestinal barrier depends on the formation and maintenance of intercellular junctions, and many basic discoveries in this field have been made in *Drosophila* ([@b13-0050048]; [@b56-0050048]; [@b170-0050048]). Such studies have delineated key mechanisms involved in establishing apical-basal polarity, including the assembly of distinct protein complexes at adherens junctions and septate junctions (claudin-dependent junctions that share important similarities with vertebrate tight junctions). One highly conserved feature of this process is the role of the exocyst protein complex in trafficking proteins such as cadherins and cell signaling components to adherens junctions ([@b7-0050048]; [@b17-0050048]; [@b21-0050048]; [@b77-0050048]; [@b92-0050048]; [@b103-0050048]; [@b113-0050048]; [@b114-0050048]; [@b112-0050048]; [@b115-0050048]).

### The outer epithelial barrier

At first glance, the mammalian epidermis seems very different from that of flies ([Fig. 1A](#f1-0050048){ref-type="fig"}), but there are striking parallels with respect to the formation and maintenance of epithelial barriers in the two species, illustrating a probable common ancestral origin. For example, claudin-family proteins forming the tight junctions between epithelial cells seem to have similar functions in both flies ([@b14-0050048]; [@b118-0050048]; [@b171-0050048]) and mice ([@b57-0050048]) \[see the 2009 article by Furuse for a review on the role of claudins and other tight junction proteins in mammalian epithelia ([@b55-0050048])\]. Similarly, the transcription factor Grainyhead (Grh) plays an important role in regulating the expression of genes that are required to form the cross-linked outer epidermal surface both in flies ([@b26-0050048]) and mice ([@b102-0050048]; [@b162-0050048]) (although the set of Grh target genes seems to be different in each species). Grh also regulates genes that are involved in wound repair both in flies ([@b99-0050048]) and mice ([@b162-0050048]).

### The inner intestinal barrier

It is noteworthy that *Drosophila* and vertebrate intestinal epithelia are also similar in several respects. These parallels include: the fact that stem cells play an important role in replacing cells that have undergone pathogen-dependent apoptosis; the sequential deployment of Wnt and Hedgehog (Hh) signaling during the differentiation of intestinal epithelial cells ([@b128-0050048]; [@b160-0050048]); and the formation of the morphologically specialized brush border microvilli and the underlying cytoskeletal terminal web ([@b95-0050048]; [@b108-0050048]; [@b127-0050048]).

A challenge faced by intestinal cells is that they must tolerate commensal bacteria, with which they have a mutualistic relationship ([@b11-0050048]; [@b44-0050048]; [@b145-0050048]), while also mounting a vigorous response to pathogens (for a review, see [@b139-0050048]). One important pathway involved in this distinction controls the production of reactive oxygen species (ROS) by the dual-oxidase (Duox) transmembrane protein ([@b67-0050048]; [@b65-0050048]; [@b66-0050048]), which also plays a key role in the human gut (for a review, see [@b139-0050048]). Genetic analysis in *Drosophila* has revealed bi-stable control of Duox activity in the gut. In the presence of commensal bacteria and absence of pathogenic species, low-level activation of the immune deficiency (IMD) pathway of the innate immune system (see later) induces negative feedback of the Duox pathway (at both the level of expression and activity), resulting in low basal levels of ROS production. By contrast, when invading pathogens are detected by host immune signaling, expression and activity of Duox components is greatly increased, leading to destruction of the pathogenic bacteria ([@b67-0050048]).

The inducible ROS-producing Duox system works in parallel with other immune pathways, such as the Jun N-terminal kinases (JNK) pathway. JNK signaling is activated in intestinal epithelial cells of adult flies following ingestion of pathogenic *Pseudomonas aeruginosa* ([@b8-0050048]), which leads to proliferation of intestinal stem cells to compensate for apoptotic loss of mature infected cells (for a review, see [@b129-0050048]). An interesting aspect of this pathogen in *Drosophila* is that, in combination with an activated oncogenic form of RAS, it can lead to overproliferation of stem cells to form tumors ([@b8-0050048]). Whether the elevated incidence of human cancers of the intestinal tract as a result of associated bacterial infection ([@b23-0050048]; [@b146-0050048]) is similarly influenced by RAS activation remains to be determined. Another interesting emerging theme is the elucidation of host pathways involved in detecting cell damage in the intestine, which then regulate stem cell mediated repair of the damaged epithelium. These studies have revealed important contributions of the insulin ([@b5-0050048]) and TSC-TORC1 ([@b6-0050048]) pathways, as well as of Hippo (Hpo)-mediated activation of the JAK-STAT and Epidermal growth factor receptor (EGFR) pathways ([@b135-0050048]). Finally, experiments involving oral infection of flies with *Erwinia carotovora*, a natural *Drosophila* pathogen, suggest that gut homeostasis is maintained by active tissue repair of cell damage caused by bacteria ([@b29-0050048]). The observation that ROS can trigger apoptosis followed by repair in the larval gut ([@b64-0050048]) suggests that the Duox pathway provides compensatory feedback to pathways controlling apoptosis and stem cells to ensure that host cells damaged by ROS exposure are duly replaced. Overall, these studies provide an excellent foundation for further analysis of how the gut responds to pathogens by repairing damage and differentially responding to commensal versus pathogenic bacteria.

The innate immune response
--------------------------

Broadly speaking, the innate immune response consists of three parts: (1) pathogen immobilization ([Fig. 1B](#f1-0050048){ref-type="fig"}), (2) core immune signaling pathways (Toll, IMD and JAK-STAT) ([Fig. 1C](#f1-0050048){ref-type="fig"}) and (3) the RNAi pathway ([Fig. 1D](#f1-0050048){ref-type="fig"}). Because there have been several excellent reviews describing these pathways, we only summarize here their key elements, as depicted in [Fig. 1](#f1-0050048){ref-type="fig"}, and refer the reader to other sources for more in depth descriptions ([@b1-0050048]; [@b3-0050048]; [@b18-0050048]; [@b27-0050048]; [@b46-0050048]; [@b47-0050048]; [@b52-0050048]; [@b54-0050048]; [@b144-0050048]).

### Pathogen immobilization

The most basic innate response to bacterial or fungal infection is a cellular response ([@b78-0050048]) that immobilizes the invading microbe by phagocytosis, engulfment or a melanization reaction that traps it ([Fig. 1B](#f1-0050048){ref-type="fig"}). Pathogens can also be immobilized in flies and other insects by a clotting reaction ([@b50-0050048]). Once immobilized, the pathogen can then be either destroyed extracellularly by antimicrobial peptides (AMPs) or eliminated intracellularly. Three basic types of *Drosophila* blood cell (known as hemocytes) perform these functions: plasmatocytes, which are professional phagocytic cells akin to mammalian macrophages; lamellocytes, which wrap themselves around invading microorganisms to form an enveloping capsule; and crystal cells, which contain the enzymes that catalyze melanization ([@b104-0050048]) ([Fig. 1B](#f1-0050048){ref-type="fig"}). As discussed later in more detail, many host genes that are required for phagocytosis have been identified using *Drosophila* in a series of genome-scale cell-based screens. Similar studies in the future might shed light on genes that are essential for lamellocyte and crystal cell function. Autophagy is another general mechanism important for clearing bacteria ([@b173-0050048]) and viruses ([@b39-0050048]; [@b149-0050048]). It should be pointed out, however, that autophagy can also be hijacked for the benefit of the pathogen, as in the case of poliovirus, which derives its envelope membranes from autophagic vesicles ([@b158-0050048]).

### Core signaling pathways

The second part of the *Drosophila* innate immune response comprises a set of core signaling pathways ([Fig. 1C](#f1-0050048){ref-type="fig"}): the Toll pathway, the IMD pathway and the JAK-STAT pathway. The activities of these pathways are modulated by other pathways, such as that mediated by target of rapamycin (TOR) or Eiger-Wengen \[*Drosophila* homologs of human tumor necrosis factor (TNF) and TNF receptor\]. When induced following pathogen infection, innate immune pathways result in the production of AMPs such as Drosomycin and Diptericin ([@b47-0050048]; [@b52-0050048]; [@b1-0050048]; [@b47-0050048]; [@b52-0050048]; [@b54-0050048]).

### The RNAi pathway

The third part of the *Drosophila* innate immune response is the double-stranded RNAi pathway that is involved in defending against many types of viral infections, and which also protects against viral infection in plants and animals (for a review, see [@b141-0050048]) ([Fig. 1D](#f1-0050048){ref-type="fig"}). The RNAi pathway is activated by viral nucleic acids and can be broken down into two main steps: (1) biogenesis of 21-base-pair double-stranded viral small interfering RNAs (siRNAs), which is accomplished by the Dicer protein complex, and (2) the silencing of viral RNAs by the host-induced viral siRNAs, which is accomplished by the RNA-induced silencing complex (RISC). This innate protective system has been highly amenable to analysis using genome-wide screening in *Drosophila* cells (see below).

Identifying host defense factors through genome-wide screens
============================================================

RNAi screens involving infection of *Drosophila* cell lines
-----------------------------------------------------------

One of the great recent technical advances in the field of *Drosophila* cell biology has been the development of efficient whole genome RNAi screens to identify genes required for specific cellular processes ([@b107-0050048]; [@b122-0050048]; [@b123-0050048]). In such assays, *Drosophila* cell lines such as hemocyte-derived S2 cells or Kc cells (which can be induced by hormone treatment to differentiate into neurons) are grown in 384-well plates and treated with a library of double-stranded RNAs that have been designed for highly selective RNAi-mediated knockdown of each of the predicted *Drosophila* coding messenger RNAs (mRNAs). These cells are then assayed for performance of a cellular process such as cell viability, cell shape changes or bacterial uptake by phagocytosis. By screening such libraries in replicate and then re-screening RNAi candidates that test positive for a specific effect, it is possible to approximate genome-wide coverage of all genes required in these cells for a given process \[for an excellent, comprehensive review of such RNAi screens, see Cherry ([@b38-0050048])\]. Such screens have been used to identify many host response factors that are crucial during infection by bacteria, fungi and viruses.

### Identifying host response factors to bacteria

Several straightforward RNAi screens have been conducted to identify genes that are required for phagocytosis of various species of bacteria by S2 cells. For these experiments, ingestion of bacteria expressing green fluorescent protein (GFP) is monitored and host genes involved in phagocytosis are revealed on the basis of the identity of specific RNAi molecules that inhibit uptake of fluorescence. These screens have revealed that distinct sets of host genes are essential during infection by various pathogens. For example, different pathogens are recognized by distinct cell surface receptors, such as peptidoglycan recognition proteins (PGRPs) ([@b133-0050048]), SR-C1 ([@b132-0050048]), Eater ([@b83-0050048]), Nimrod ([@b87-0050048]) or DSCAM ([@b168-0050048]). However, these screens also defined a core set of intracellular uptake components that are regulated in all types of bacterial infection tested: these included genes required for actin remodeling (e.g. genes encoding proteins of the Arp2/3 complex) and endocytosis (e.g. COPI and COPII), as well as genes encoding factors that are required to recycle endosomes to the cell surface, such as proteins in the exocyst complex ([@b2-0050048]; [@b37-0050048]; [@b125-0050048]; [@b133-0050048]; [@b154-0050048]; [@b156-0050048]).

Other genes involved in the response to bacterial infection that have been identified in RNAi screens are required for host cells to clear ingested bacteria. Again, these screens defined a set of generally required genes that limit bacterial survival or replication, such as genes encoding endosomal sorting complex required for transport (ESCRT) proteins ([@b126-0050048]), as well as genes preventing the growth of specific pathogens, such as lysosomal β-hexosaminidase, which restricts growth of *Mycobacterium marinum* but not *Listeria monocytogenes* or *Salmonella typhimurium* ([@b85-0050048]). In other standard genetic studies, intracellular microorganisms such as Wolbachia were found to also engage in mutualistic symbiotic relationships with the host, such as protecting the host against viral infection ([@b72-0050048]; [@b161-0050048]) and nutritional supplementation ([@b28-0050048]), which presumably arose during co-evolution of the endosymbiont and host.

RNAi technology can also be used in a combinatorial fashion to knock down the activity of two or more genes at a time, which permits detection of genes acting in parallel in a given process or pathogenic infection. In one study, Dorer and colleagues performed a series of single and double gene knockdown experiments of 73 genes in Kc cells to test the hypothesis that *Legionella pneumophila*, the agent of Legionnaires' disease, recruits membrane material from endoplasmic reticulum (ER)-to-Golgi trafficking ([@b48-0050048]). Although few single knockdowns had much of an effect, the authors found evidence supporting their hypothesis in several double knockdown experiments. For example, double knockdown of the intermediate compartment and Golgi-tethering factor transport protein particle (TRAPP) together with the ER SNARE protein Sec22 resulted in reduced pathogen replication efficiency. They also showed a requirement in bacterial replication for the Cdc48-p97 complex that is involved in ER-associated degradation, and demonstrated that this complex is also important for *Legionella pneumophila* replication in mouse bone-marrow-derived macrophages. These studies underscore the role of endocytosis in phagocytic host cells and, owing to the combinatorial power of the system used, revealed a role for endocytic steps carried out by parallel mechanisms.

### Identifying host response factors to fungi

Fungi generally activate the Toll signaling pathway of the *Drosophila* innate immune system via a specific set of PGRP detection peptides ([Fig. 1C](#f1-0050048){ref-type="fig"}). RNAi screens similar to those performed to identify host genes required for phagocytosis of bacteria have also been carried out to identify host factors involved in response to fungi such as *Candida albicans* ([@b154-0050048]; [@b155-0050048]). Beyond identifying genes with broad expected functions, such as regulators of the actin cytoskeleton and vesicular trafficking, these studies also identified genes required for the uptake of specific fungal pathogens. One of these proteins, Macroglobulin complement related (Mcr), is a secreted protein that binds directly to *C. albicans* and promotes its internalization. Interestingly, Mcr is related to four other *Drosophila* thioester proteins (Teps), two of which are selectively required for phagocytosis of specific bacterial species (TepII for *Escherichia coli* and TepIII for *Staphylococcus aureus*), but not for phagocytosis of *C. albicans* ([@b154-0050048]).

### Identifying host response factors to viruses

In addition to being susceptible to infection by bacterial and fungal pathogens, *Drosophila* is also a natural host for viruses such as *Drosophila* C virus (DCV), *Drosophila* X virus (DCX) and Flock House virus, and, perhaps surprisingly, by a broad variety of viruses causing disease in humans such as Sindbis virus, vesicular stomatitis virus (VSV; a virus of the *Rhabdoviridae* family, which includes the well-known rabies virus), Rift Valley fever virus, dengue virus and West Nile virus ([@b41-0050048]; [@b42-0050048]; [@b40-0050048]; [@b58-0050048]; [@b164-0050048]; [@b167-0050048]). Genome-wide RNAi screens have identified several important host factors that are exploited by viruses, such as factors required selectively for replication of influenza virus ([@b68-0050048]) or propagation of dengue virus ([@b148-0050048]). Similarly, viruses such as DCV that have transcripts with internal ribosome-binding sites depend on several host translation factors that are not required for other types of viruses lacking these sites ([@b41-0050048]). DCV also requires the host factor COPI to generate a vesicular compartment, which is necessary for viral replication, and COPI is also required for the replication of the related poliovirus in human cells ([@b42-0050048]). As another example, infection by vaccinia virus (the prototypical poxvirus) was found to depend on the AMP-activated kinase (AMPK) complex, the master energy sensor of the cell, for endocytic entry and actin remodeling ([@b110-0050048]). The authors found a similar requirement for AMPK in facilitating vaccinia infection of mouse embryonic fibroblasts and showed that this kinase was also involved in viral entry via the process of macropinocytosis.

As mentioned above, the RNAi pathway plays a key role in defending against viral infection. Genome-wide and targeted RNAi screens have contributed to the elucidation of this pathway ([@b58-0050048]; [@b117-0050048]; [@b119-0050048]; [@b140-0050048]; [@b164-0050048]; [@b167-0050048]) (for a review, see [@b141-0050048]) and the importance of the systemic spread of an RNAi activating signal (probably some large viral double-stranded RNA) for stimulating RNAi-dependent immunity throughout the organism ([@b142-0050048]). Interestingly, siRNAs do not spread from cell to cell in *Drosophila* ([@b138-0050048]), in contrast to the mechanism by which RNAi molecules are directly distributed in plants ([@b120-0050048]; [@b169-0050048]) and nematodes ([@b53-0050048]; [@b166-0050048]) to mediate systemic immunity.

Screens involving infection of intact adult flies
-------------------------------------------------

As a complement to cell-based screening methods, it is also possible to screen for host genes that are required to combat pathogen infection using intact flies. Although these screens are more laborious than screens in *Drosophila* cell lines, or whole-genome RNAi screens in worms (i.e. *Caenorhabditis elegans* screens can be done on plates), screens using intact flies can be accomplished either by classic mutagenesis or by screening high quality collections of stable UAS-RNAi stocks. A great advantage of the latter approach is that one can use the GAL4-UAS expression system ([@b25-0050048]) to drive expression of UAS-RNAi constructs throughout the organism or in specific subsets of cells or stages of development ([Fig. 2B](#f2-0050048){ref-type="fig"}). For such experiments, a strain of flies carrying a transgene under the control of the yeast upstream activating sequence (UAS) is crossed to a strain of flies expressing the GAL4 transcription factor (which binds to the UAS sequence and activates transcription in a particular pattern, e.g. in the gut). The progeny then express the UAS transgene of interest in the pattern determined by the GAL4 'driver' stock, permitting expression of genes in specific cell types at specific stages of development. This level of control permits investigators to identify the cells or organs in which gene functions are required \[e.g. epidermis, fat body (the main source of systemic AMPs, and an approximate model of the mammalian liver), hemocytes or gut\].

### Screening for defense pathways in the gut

In one screen using adult flies, host defense factors that are required to protect against intestinal infection with the opportunistic broad-host-spectrum pathogen *Serratia marcescens* were first identified by using a large collection of fly lines in which ∼13,000 individual RNAi molecules were used to knock down target gene expression throughout the organism ([@b43-0050048]). RNAi molecules that caused increased lethality following infection were then tested further for their role in defending against *S. marcescens* infection of the gut by expressing the relevant UAS-RNAi constructs with gut-specific and hemocyte-specific drivers. These studies first confirmed the dependence on the IMD (but not Toll) innate immune pathway for responding to infection by *S. marcescens* (as would be expected for a Gram-negative bacterium), and also revealed an important role for the JAK-STAT pathway in responding to infection in the gut ([Fig. 2C](#f2-0050048){ref-type="fig"}). Further analysis of JAK-STAT signaling showed that this pathway regulates stem cell proliferation and thereby intestinal epithelial homeostasis during infection. These results obtained in intact flies provide an important complement to screens performed in *C. elegans*, which also identified several signaling systems important for innate immunity ([@b76-0050048]). Studies of damage and repair by gut pathogens can be conducted in *Drosophila* because flies, but not worms, have intestinal stem cells that replenish epithelial cells after they undergo programmed cell death during infection (see above).

![**Tools for studying host-pathogen interactions in** ***Drosophila***. (A) Genome-wide RNAi screens in S2 or Kc cells infected with pathogens are among the most effective tools available in *Drosophila* for studying host-pathogen interactions. For example, one screen indicated that VSV-G activates host immunity, reduces Akt signaling and induces autophagy. Right panel adapted from Shelly et al. ([@b149-0050048]), with permission. (B) Unbiased mutant or RNAi screens in whole flies can also be used to identify host or pathogen factors involved in virulence. Such screens demonstrated the importance of the JAK-STAT pathway for host immunity in the gut. 'Validation' panel adapted from [@b43-0050048]), with permission. (C) Analysis of specific virulence factors in flies using epistasis and other genetic experiments can identify specific steps in a pathway that are altered by the virulence factor. One example of this general approach is shown in the right panel, in which it was found that the CagA protein from *H. pylori* functions upstream of the phosphatase Corkscrew (Csw) to activate signaling by the Sevenless receptor tyrosine kinase (RTK). Asterisk indicates activation. Right panel from Botham et al. ([@b24-0050048]), with permission.](DMM000406F2){#f2-0050048}

### Flies as a genetic model for cholera infection

Systematic screens such as that mentioned above ([@b43-0050048]) can also be used to identify host factors co-opted by a pathogen that, when mutated, render the host resistant to the pathogen. An example using a traditional genetic approach is the case of *Vibrio cholerae*, in which investigators showed that feeding *V. cholerae* bacteria to flies caused rapid death (i.e. in 2--3 days) that required the function of the primary virulence factor cholera toxin (CTX) ([@b22-0050048]). CTX is an ADP ribosyl transferase that specifically ribosylates the Gαs subunit of a host trimeric Gs protein, resulting in constitutive activation of adenylate cyclase ([@b105-0050048]). The dependence on CTX was unexpected because flies lack the enzymes required to synthesize the GM1 ganglioside that serves as the CTX receptor and that is present in most vertebrates and a few invertebrates. Accordingly, feeding flies purified CTX holotoxin had no effect ([@b22-0050048]). Paradoxically, however, full virulence of *ctx*-mutant bacteria could be restored by feeding infected flies purified CTX, suggesting that, in the presence of the bacteria, a novel alternative route of CTX delivery to host cells in the gut might be employed.

Further analysis showed that several host target factors known from mammalian studies were required by *V. cholera* to infect flies, such as proteins mediating the dehydrating effects of CTX-dependent cAMP production -- including a Gαs subunit, adenylate cyclase and an SK-type potassium ion channel ([@b22-0050048]). Having established flies as a model for *V. cholerae* infection, the authors then screened a large collection of stocks with mapped transposon insertions into the fly genome and identified mutations that either enhanced or reduced severity of infection. This strategy identified several host genes important for the response to *V. cholerae* infection, including those conferring resistance when mutated and that presumably are exploited by bacteria (e.g. components of the TNF and IMD pathways) as well as those used in host defense (e.g. the apoptotic pathway) ([@b16-0050048]).

Identifying pathogen virulence factors in *Drosophila*
======================================================

Adult flies and cells have also been used to screen for pathogen-encoded factors that contribute to virulence. One particularly elegant screen for bacterial virulence factors was carried out for *P. aeruginosa*, an opportunistic human pathogen that can cause serious disease. Over 4000 transposon insertion mutants of the bacterium were screened by injecting them into the adult fly hemolymph and measuring percent lethality. This resulted in the identification of 15 different bacterial loci that contributed significantly to virulence ([@b82-0050048]). The authors examined the basis of virulence for one of these genes, *hudR. hudR* encodes a transcription factor that represses expression of the neighboring gene *hudA*, which is involved in ubiquinone biosynthesis. On the basis of their genetic analysis, the authors hypothesized that the decreased virulence of *hudR* mutants resulted from overexpression of *hudA*. They confirmed this hypothesis by showing that overexpression of *hudA* in a *hudR*-mutant background resulted in attenuated virulence of *P. aeruginosa* in flies and that *hudA hudR* double mutants had normal virulence.

Flies have also been used to differentiate virulence of *P. aeruginosa* strains, such as those isolated from the sputum of cystic fibrosis patients (who are particularly sensitive to infection by this pathogen) ([@b98-0050048]; [@b143-0050048]; [@b150-0050048]). For these assays, flies are either fed different strains of bacteria obtained from burn wounds or from cystic fibrosis patients, or bacteria are inoculated by wounding flies. Similar infection experiments can be performed to identify interactions between *P. aeruginosa* and other microbes present in sputum that could contribute to the virulence of this pathogen ([@b150-0050048]).

Virulence factors of human fungal pathogens can also be identified in *Drosophila* ([@b15-0050048]; [@b34-0050048]; [@b32-0050048]; [@b89-0050048]). For example, gliotoxin produced by the filamentous fungus *Aspergillus fumigatus* is required for virulence of this pathogen in both flies and mice ([@b153-0050048]), and Cas5 has been shown to be a transcription factor regulating a set of genes required for integrity of the cell wall of *C. albicans* ([@b33-0050048]). Adult flies have also been used as an intact organism to screen for drugs that block fungal infection ([@b30-0050048]; [@b31-0050048]; [@b91-0050048]; [@b90-0050048]; [@b96-0050048]).

Investigating functions and targets of virulence factors
========================================================

In the previous section, we discussed strategies by which flies can be used to screen for pathogen virulence factors. In this final section, we consider the advantages of *Drosophila* as a model for analyzing virulence factor function, and for identifying the host proteins and pathways that they target (e.g. [Fig. 2C](#f2-0050048){ref-type="fig"}). Although cell-based expression systems and biochemical experiments performed with purified virulence factors can be invaluable for establishing mechanism of action, they do not necessarily predict how such factors will act in an infected organism -- either systemically or in selected tissues, in which cell-autonomous and non-cell-autonomous processes might be important. Model systems such as flies and worms are ideal for this level of analysis owing to the great variety of genetic tools available to tease apart the effects that such factors might have on specific host pathways and biological processes. Although flies and worms are only distantly related to humans, many virulence factors target host proteins and pathways that are among the most conserved in eukaryotes -- thus, studying the effect of pathogens in these organisms is often highly relevant to human disease. In addition, as discussed below, studies in model organisms also enable examination of the combinatorial effect of two or more virulence factors, which is more challenging in intact mammals. Finally, we highlight in [Box 1](#box1){ref-type="boxed-text"} how studying the effect of toxins can shed light on basic cellular processes.

Analyzing the function of bacterial toxins in intact flies
----------------------------------------------------------

*Drosophila* is an excellent in vivo genetic system for analyzing toxin activities in a multicellular and organ context given the highly conserved nature of many host targets of these virulence factors. For example, flies have been used to study the activity of the virulence factor ExoS from *P. aeruginosa*, which encodes a factor containing a domain with Rho-GAP activity (which can inactivate host small GTPases of the Rho/Rac subfamily). During *P. aeruginosa* infection, ExoS is injected into host cells by a type-II secretion system (TTSS), and infection of flies with *P. aeruginosa* leads to rapid death that depends on TTSS function ([@b51-0050048]). When the GAP domain of ExoS (ExoSGAP) is expressed in fly hemocytes, phagocytosis is inhibited ([@b9-0050048]). In addition, expression of ExoSGAP in flies increases their sensitivity to infection by *P. aeruginosa* ([@b9-0050048]), and this effect can be rescued by co-expressing host Rac2 with ExoSGAP ([@b10-0050048]). These studies provide evidence that host Rac2 is inhibited by bacterial ExoSGAP during infection.

###### Toxins can be used to probe cellular processes

One of the first uses of toxins in flies was to genetically ablate specific cells with cell-lethal toxins such as diphtheria toxin ([@b86-0050048]) or ricin ([@b106-0050048]). It is also possible to block the neuronal activity of cells without killing them, as with tetanus toxin (TTX), which was used to block synaptic transmission in the nervous system ([@b4-0050048]; [@b12-0050048]; [@b134-0050048]; [@b159-0050048]) and activity-dependent regulation of synaptic size and function ([@b116-0050048]). TTX has been used in a myriad of *Drosophila* studies to inhibit neurotransmission in various processes, including learning and memory, locomotion and courtship (for a review, see [@b100-0050048]), circadian rhythms ([@b79-0050048]; [@b80-0050048]), and the serotonin-dependent response to light ([@b137-0050048]). Similarly, application of cholera toxin (CTX), an ADP-ribosylation factor, was used to study the function of the Gα protein Concertina, which is involved in initiating embryonic gastrulation ([@b109-0050048]). Similarly, transgenic expression of a UAS--*CTX-A* construct helped to distinguish which heteromeric G proteins contribute to wing maturation ([@b81-0050048]). Indeed, these and other toxins, which neutralize or alter the activities of multiple host proteins, can be used to perform a variety of in vivo pharmacological studies to complement classical genetic loss-of-function studies.

A second example illustrating the utility of *Drosophila* for investigating toxin activities in vivo is provided by studies of *Helicobacter pylori* ([Fig. 2C](#f2-0050048){ref-type="fig"})*,* which is associated with the development of gastric ulcers and cancer in humans. Under normal circumstances, ligand-initiated receptor tyrosine kinase (RTK) signaling in both fly and mammalian cells is mediated by a receptor-associated protein complex including Grb2 (Drk), Gab (Dos) and Shp-2 \[Corkscrew (Csw)\] (*Drosophila* protein names are shown in parentheses) that then activates signaling via the downstream components of the Ras-MAPK pathway. *Drosophila* played a prominent role in discovering key components of this pathway and in establishing the order of molecular events that take place during signaling ([@b152-0050048]). In mammalian cells, the *H. pylori* virulence factor CagA activates RTK signaling at the level of SHP-2, a tyrosine phosphatase that is homologous to *Drosophila* Csw ([@b70-0050048]; [@b67-0050048]), which acts downstream of Gab (Dos in flies) ([@b74-0050048]; [@b131-0050048]). Studies in *Drosophila* confirmed the hypothesis that CagA can bypass the need for signal-dependent activation of Dos in an intact organism, because CagA expression in *Drosophila* embryos or in the adult eye was capable of rescuing *dos*-mutant phenotypes ([@b24-0050048]). Furthermore, the ability to activate effectors of the Sevenless RTK pathway in the eye was shown to be dependent on the downstream effector Csw, validating the hypothesized role of CagA in the RTK signaling pathway acting between Gab (Dos) and SHP-2 (Csw).

Identifying unknown activities of bacterial toxins
--------------------------------------------------

Beyond providing a multicellular model for assigning known biochemical activities to virulence factors, *Drosophila* can also be used as a tool to discover completely new activities of virulence factors. For example, *Bacillus anthracis*, the etiological agent of anthrax, produces two toxic factors required for systemic virulence ([@b88-0050048]; [@b111-0050048]; [@b163-0050048]; [@b63-0050048]): lethal factor (LF), a zinc metalloprotease that cleaves MAPKKs ([@b49-0050048]; [@b165-0050048]), and edema factor (EF), a highly active calmodulin-dependent adenylate cyclase ([@b93-0050048]). Both LF and EF are essential for the lethal effects of anthrax ([@b124-0050048]), which culminates in vascular failure and septic-shock-like death. An important unanswered question is, how do LF and EF, with such seemingly disparate enzymatic activities, collaborate during infection (particularly within vascular endothelial cells, which become leaky at advanced stages of disease, leading to death)?

In initial studies, we showed that anthrax toxins act on *Drosophila* homologs of their known targets in mammalian cells ([@b61-0050048]). In addition to these known effects of LF and EF, we observed that both toxins also caused adult wing and bristle phenotypes similar to those caused by inhibition of the Notch signaling pathway, and blocked expression of Notch target genes in developing wing imaginal discs ([@b62-0050048]). Moreover, these toxins interacted in a synergistic fashion to block Notch signaling ([Fig. 3A](#f3-0050048){ref-type="fig"}). Further analysis of this Notch-like phenotype revealed that it resulted from failure to recycle the Notch ligand Delta to the cell surface ([@b62-0050048]). EF was found to reduce the levels and activity of the small GTPase Rab11, whereas LF reduced cell surface levels of the Rab11 binding partner, Sec15 ([Fig. 3B](#f3-0050048){ref-type="fig"}). Sec15 is part of an octameric protein complex known as the exocyst, which targets proteins, including Delta and the cell adhesion molecule DE-cadherin, to adherens junctions (accordingly, DE-cadherin trafficking to adherens junctions was also reduced by EF and LF). These results from flies were validated in human vascular and lung endothelial cells by our collaborators in Victor Nizet's laboratory ([Fig. 3C](#f3-0050048){ref-type="fig"}), who also showed that EF reduced epithelial barrier integrity in a cell culture assay and in vivo in mice ([@b62-0050048]).

Maintenance of vascular integrity depends on cell-cell adhesion ([@b45-0050048]), and cell-cell communication mediated by Notch signaling plays a role in promoting the formation of primary (or patent) vessels over more permeable microvessels ([@b73-0050048]; [@b94-0050048]; [@b97-0050048]; [@b136-0050048]; [@b151-0050048]; [@b157-0050048]). By inhibiting these two interrelated processes, and possibly interactions between endothelial cells and other vascular cell types such as mural cells, anthrax toxins might contribute to the late-stage effects of anthrax infection when disruption of endothelial barrier function leads to lethal vascular collapse. Once sufficient levels of anthrax toxins are produced, they can be fatal even if the bacterial infection is eliminated with antibiotic treatment. Thus, these studies of anthrax toxins initiated in flies and validated in mammalian models might ultimately have therapeutic implication for treating humans infected with anthrax or for other conditions compromising vascular integrity.

Identifying unknown activities of viral factors
-----------------------------------------------

Given the compact sizes of viral genomes, only few viral proteins fall into the category of bona fide virulence factors, similar to the potent bacterial toxins discussed above. By contrast, most viral proteins are dedicated to basic processes essential to the virus life cycle, such as entry or exit, replication, or manipulation of host processes such as transcription or translation. Model organisms are useful for examining specific interactions between viral and host proteins to gain insights into their mechanisms of action.

An excellent example of using the full complement of *Drosophila* tools to study a viral pathogen was carried out by Cherry and colleagues, who showed that fly cells can be infected with VSV. VSV can replicate in these cells to generate mature viral particles that can infect mammalian cells. They showed that infection of adult flies with VSV induces autophagy ([@b149-0050048]) and that autophagy was mediated by VSV-G, a pathogen surface protein that is recognized by *Drosophila* cells. The authors found that induction of autophagy plays an important role in protecting against VSV infection and then asked what host pathways might mediate the autophagy response to VSV. A variety of elegant genetic epistasis experiments demonstrated that the PI3K-Akt pathway was attenuated by VSV infection, thereby relieving its constitutive inhibition of autophagy ([Fig. 2A](#f2-0050048){ref-type="fig"}). Akt activation is also attenuated by expression of the SARS-Coronovirus Membrane protein in flies, which in this case results in increased apoptosis ([@b35-0050048]).

![**An example of genetic analysis of toxin activity in** ***Drosophila***. (A) Screen for novel toxin-induced phenotypes. Expression of the anthrax toxins lethal factor (LF) or edema factor (EF) in the wing margin primordium results in notching along the edge of the wing, defects that are typical of mutations in components of the Notch signaling pathway ([@b62-0050048]). WT, wild type. (B) Analyze mechanisms of toxin action. The *Notch*-like phenotypes caused by expression of LF or EF in the wing both result from inhibition of endocytic recycling of membrane cargo to the AJ by the exocyst complex. EF acts by reducing the levels and activity of the Rab11 GTPase, which indirectly results in a loss of large vesicles containing its binding partner Sec15-GFP, a component of the exocyst complex. LF does not seem to alter Rab11 levels or function, but inhibits the formation of large Sec15 vesicles ([@b62-0050048]). (C) Validate toxin mechanism in vertebrates. Human brain microvascular endothelial cells were treated with purified EF toxin or LF toxin. As in fly cells, both toxins greatly reduce the number of Sec15-GFP vesicles in these cells and reduce cadherin expression ([@b62-0050048]). (D) Examine interactions between toxins. Cooperative interactions between toxins or other virulence factors can be assessed by co-expressing them in specific cells and comparing the effects of both toxins to that of the action of either toxin alone. In the example shown, anthrax toxins were expressed alone or in combination using a weak GAL4 driver to express low levels of the toxins. Each panel consists of an adult wing (top) and a larval wing imaginal disc showing expression of the Notch target gene *wingless* (*wg*) along the future edge of wing in third instar larvae (bottom). Expression of LF or EF alone (+LF or +EF, respectively) has little or no effect on formation of the wing margin (compared with WT). When LF and EF are co-expressed, the wing margin virtually disappears, as does expression of *wg* along the primordium of the wing margin. (E) In vivo structure-function analysis of toxins. The systemic activities of mutant forms of toxins or other virulence factors can be assessed in *Drosophila*. Such activities include cell-non-autonomous effects mediated by intercellular signaling systems, which are difficult to screen for in cell culture. In the simple case shown in this panel, high levels of LF expression lead to reduced wing size (middle panel) and a single point mutation in the LF catalytic domain renders it inactive (right panel). Panels A--D adapted from Guichard et al. ([@b62-0050048]) with permission. Panel E adapted from Guichard et al. ([@b61-0050048]), with permission.](DMM000406F3){#f3-0050048}

In another study, host factors required for the HIV accessory protein Nef to downregulate expression of the human CD4 protein were identified by RNAi screening in *Drosophila* S2 cells expressing human CD4. These factors included components of the clathrin-associated AP2 complex, which was then validated as an essential cellular component mediating a similar Nef-CD4 interaction in human cells ([@b36-0050048]).

In vivo structure-function analysis of toxins
---------------------------------------------

Classic genetic approaches in *Drosophila* can also be applied to probing structure-function relationships of toxins or other virulence factors. One straightforward approach to define domains of a toxin that are important for producing the phenotype of interest is to mutagenize flies carrying a UAS-toxin construct and to screen for loss of the phenotype that results from expression of the wild-type toxin ([Fig. 3E](#f3-0050048){ref-type="fig"}). One can then PCR amplify the mutated UAS-transgenes and sequence the putative mutant allele to determine the molecular nature of the loss-of-function mutation. It is also possible to screen for mutations in the transgene that results in altered phenotypes caused by dominant gain-of-function mutations ([@b60-0050048]).

Conclusions and outlook
=======================

An important goal of this review has been to convince readers from other fields that flies provide a broad range of advantages for studying host-pathogen interactions at the level of the cell, tissue, organ and intact organism. As discussed, genome-wide RNAi screens in *Drosophila* cell culture have generated a wealth of new information regarding the genes involved in mediating basic host cellular responses to pathogens, such as those involved in innate immunity, phagocytosis and restriction of intracellular pathogen survival. These cellular studies can be complemented by studies that aim to identify host resistance factors and pathogen virulence factors using intact flies as infection models. Studies in flies also provide the potential to explore mutualistic interactions with intracellular endosymbionts, and to conduct mechanistic analysis of specific virulence factors, and combinations of these factors, using the state-of-the-art genetic tools available in *Drosophila*.

A particular advantage of model systems such as yeast, *C. elegans* and *Drosophila* is the potential to examine arrays of genetic combinations to identify factors produced by the host or pathogen that act redundantly (host) or that genetically interact (host or pathogen). These types of studies are inherently number intensive (known as 'the *n* problem'), because many combinations must be analyzed in a comprehensive fashion. However, there are excellent examples in which combinatorial genetic analysis has been used to investigate cellular processes involved in other types of human disease. For example, the interacting components of the DNA mismatch repair machinery were first identified in yeast, and the same components were found to interact in humans in a dominant manner and to contribute to cancer ([@b84-0050048]). *Drosophila* cells and intact fly mis-expression systems (e.g. combined RNAi expression) are also well suited for such analyses, which would be prohibitively expensive and labor intensive in vertebrate models. It is of course important to validate results obtained in single cells or invertebrate model systems in vertebrates, a process previously referred to as 'closing-the-loop' ([@b19-0050048]). It is possible to envision a tiered system of analysis in which initial discoveries that are made using powerful model genetic systems, including yeast, worms and flies (in cells and in whole organisms), are then validated in vertebrate models, including zebrafish, mice and human cells, and finally are linked via human genetics to specific disease processes. For example, in a recent study of genes on human chromosome 21 causing congenital heart defects when overexpressed in individuals with Down syndrome, a combined genetic analysis in flies, mice and humans pointed to two interacting genes, *DSCAM* and *COL6A2*, as contributing to formation of atrial septal defects ([@b59-0050048]).

In addition to assessing combinatorial contributions of host factors, *Drosophila* is well suited for examining cooperative interactions between pathogen virulence factors, as presented in the examples above. Many pathogens produce a complex cocktail of virulence factors, subsets of which are often co-expressed from neighboring genes in so-called pathogenicity islands. These co-regulated virulence factors are typically delivered by a dedicated injection system and often act by unknown means in various combinations in different host cell types. Such virulence factors from a given pathogenicity island can be expressed in various combinations in specific cell types to identify specific cellular contexts in which they interact. Given the great success of the fly for analyzing the activities of single host or pathogenic factors in disease processes, it will interesting to see whether it also serves as a robust system to study more complex networks of interactions between host pathways or pathogen virulence factors. With the advent of whole genome RNAi tools and comprehensive mutant collections, flies should also provide an important intact model system for identifying unknown activities of virulence factors that act in a multicellular context to inhibit specific signaling systems or to alter contact between neighboring cells in structured tissues and organs. Combined use of *Drosophila* cells and intact flies in moderate- to high-throughput drug screens is also emerging as an effective strategy to identify compounds, or combinations of existing compounds, that alter the activity of host pathways to counter the effect of pathogens. Clearly, flies have a bright future as tools for further deconstructing human host-pathogen interactions.
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